Unlike the case of skeletal muscle, the direction of myocardial contraction does not coincide with the direction of work necessary to eject the intraventricular blood, contributing to great complexity of the wall deformation sequence of cardiac contraction.
Unlike the case of skeletal muscle, the direction of myocardial contraction does not coincide with the direction of work necessary to eject the intraventricular blood, contributing to great complexity of the wall deformation sequence of cardiac contraction.
The advent of advanced techniques (CT 1 , MRI 2, 3 , SPECT 4 , echocardiology 5-9 , electrocardiography 10 , and magnetocardiography 11, 12 ) has enabled to the evaluation of cardiac function and disorders by the measurement of blood flow, pressure, electrical reaction process, and other factors. However, complexity of the contraction sequence is still not fully understood because the dynamic mechanical excitation process, which directly correlates with contraction, cannot be accurately measured based on these electro-magnetic phenomena. Here, developing and using a noninvasive novel imaging modality with high temporal and spatial resolutions 13- 17 , we
show that the propagation of the mechanical wave-front occurs at the beginning of each cardiac contraction and relaxation sequence for the first time. The former occurs about 60 ms prior to the ordinarily accepted onset time of the contraction (R-wave of the electrocardiogram). From the apical side of the interventricular septum, close to the terminal of the Purkinje fibers (specialized to carry contraction impulses), a minute velocity component with an amplitude of several tenth micrometers is generated and propagates sequentially to the entire left ventricle, that is, it propagates from the apex to 2 the base of the posterior wall, and then from the base to the apex of the septum, with a propagation speed of 3-9 m/s. The latter occurs at the end of the first heart sound at the apical side and propagates to the base side with a speed of 0.6 m/s. , but an accurate waveform for which the frequency analysis is applicable is not obtained, and measurement of minute, rapid velocity waveforms at the beginning of the contraction in the heart wall has not been attempted.
We have previously found that the rapid response of the excised heart muscle of a rat is minute (displacement of 30 μm and velocity of 0.5 mm/s) 27 and that velocity measurement is superior to displacement measurement since the displacement is the 4 accumulation of velocity, that is, low-pass filtering 13 .
To realize noninvasive detection of such minute mechanical responses to the propagation of the action potential in the human heart, a novel ultrasound-based noninvasive method 16 was applied to human subjects, and we successfully measured such response as a velocity waveform for the first time 17 . In the present study, the regional change in length or wall thickness was also simultaneously measured with high temporal resolution to confirm whether the detected velocity component corresponds to the myocardial contraction or extension. Wall motion (velocity waveform) and the change in regional length (contraction/relaxation) are not a direct measurement of electrical activation, but one of the best surrogates for representing the myocardial response to excitation.
In in vivo experiments, by applying this novel method to the longitudinally sectional plane of a healthy human heart as shown in the second heart sound, T II , the time of the aortic valve closure, which is followed by rapid filling and slow filling phases, where these points moves downward (to superior).
As shown in During the short period of 20 ms from the beginning of the first heart sound, the contraction property, which begins at the above onset in Fig. 2a , is reversed. This cessation of the contraction would correspond to the LV expansion in the pre-ejection period that is necessary to cause the mitral valve closure 29 . This cessation is terminated by the beginning of the second component of the above two waves in Fig. 2a, and after this cessation, all the points have the upward velocity components (red in Fig.   2a ), that is, the contraction restarts, which constitutes the substantial LV contraction in the ejection period.
From the end of the first heart sound, the propagation of another mechanical wave-front is shown by a black dotted line in Fig. 2a , that is, the downward velocity component with extension occurs at the apical side and propagates to the LV base side with a speed of 0.6 m/s.
For the same subject, the position and the direction of the ultrasonic probe are changed so that the velocity and change in thickness are measured in the parasternal short-axis cross-sectional plane of the LV, as shown in Fig. 3a. Figures 3d and 3b respectively show the velocity waveforms at four points (a-b-c-d) in Fig. 3a and temporal changes in the phase of the velocity waveform for one cardiac cycle. Figure   7 3c shows the displacement waveforms at these points. Roughly, during the ejection period, the LV contraction is associated with the downward displacement (to posterior) at point (a) and upward displacement (to anterior) at points (b, c), while point (d) is almost motionless.
By expanding the time axis in Fig. 3 , the mechanical excitation is shown in Fig.   4 around T R . From a time 120 ms prior to T R , the response propagates from the IVS 32 .
It has been suggested that the myocardium is a single muscular band that conforms a double-loop helicoid 33 and that the electrical activation starts from the pulmonary artery, proceeds through the descendent segment and finally reaches the ascendant segment 34 . The propagation sequence of these walls found in the present paper would have a relationship with the suggested activation sequence.
Physiologically, it is well known that the depolarized action potentials, cyclically generated at the sino-atrial node, propagate to the Purkinje fibers, which form Purkinje fibers are in contact with the myocardium. In the present study, however, the measured propagation velocity regarding the minute contraction is about 9 m/s, which is much faster than those electrical conduction velocities in the previous studies. These differences suggest that the measured propagation components prior to T R would be "pre-contraction" prior to the full contraction of the ejection period.
With the novel echocardiography employed in this study, the minute-contraction/relaxation sequences of the myocardium were confirmed noninvasively. These results show great potential for thorough understanding of the principles of the cardiac contraction/relaxation mechanism, as well as for noninvasive assessment of myocardial tissue damage in early stage of cardiomyopathy and myocardial infarction since it is known that myocardial isotonic velocity for the contraction is decreased in failing hearts 37 .
Method Summary
In the present study, the minute propagation of the contraction/relaxation was visualized for the first time in the human as follows: The ultrasonic beams transmitted by the ultrasound probe attached to the chest wall scan the 2D plane of the heart, and the RF reflective wave for each ultrasound transmission is acquired by the same probe as in conventional echocardiography. In this novel method, however, the phase shift between the succeedingly acquired RF signals in the same direction is determined accurately at each point in the heart wall along the ultrasonic beam, and the position of each point is tracked. Thus, the minute motion at each point 9 is measured as a velocity waveform so that the Fourier transform is applicable 13, 14 . By restricting the number of directions of transmission to maintain a high frame rate (500 Hz), the velocity waveforms are simultaneously obtained at about 3,000 points set in the heart wall on the 2D plane 15 . By applying frequency analysis to each velocity waveform 13 , the phase of its 40-Hz component is detected and its instantaneous 2D distribution is reconstructed at every 2 ms, precisely revealing the minute-wave propagation in the heart wall 15 by neglecting the amplitude component. b. Temporal changes in thickness or length at 6 points (a-j) in Fig. 1d around T R .
c. Velocity waveform at 6 points (a-j). Vertical axis corresponds to the colored line in Fig. 3a. c. Displacement waveform at points a-d in Fig. 3a. d. Velocity waveform at points a-d. 
